The Malpighiaceae are an angiosperm family of trees, shrubs, and vines in the tropical and subtropical forests and savannas of the New and Old Worlds. They comprise ~1300 species in 77 genera, with ~150 species belonging to 17 exclusively Old World genera. The majority of the genera and species are found in the New World, and the only members of the family found in both hemispheres are two species of New World genera that also occur in coastal western Africa. New World Malpighiaceae typically have unicellular, 2-branched hairs, simple opposite leaves, bilaterally symmetrical fl owers with two large oil glands on the abaxial surface of four or all fi ve sepals, fi ve clawed petals, 10 stamens, and a tricarpellate gynoecium with one ovule per locule ( Anderson, 2004 ) . Some of these characteristics have been lost in Old World members of the family. Malpighiaceae produce a variety of dry or fl eshy, indehiscent or dehiscent fruits that are smooth-walled, bristly, or winged ( Davis et al., 2001 ) . This diversity in fruits, coupled with the relative uniformity of the fl owers of New World Malpighiaceae ( Anderson, 1979 ) , led earlier workers to defi ne genera and tribes principally on the basis of fruit morphology ( Niedenzu, 1928 ) . Published phylogenetic studies ( Cameron et al., 2001 ; Davis et al., 2001 Davis et al., , 2002b have highlighted the problematic nature of this single-character taxonomy. Some of the largest traditionally recognized genera have been shown to be polyphyletic [e.g., Mascagnia (DC.) Colla, Cameron et al., 2001 ; Davis et al., 2001 ; and Discussion later] , and Davis et al. (2001) concluded that all tribes previously recognized for the family ( Hutchinson, 1967 ) were polyphyletic except Gaudichaudieae, whose members ironically bear diverse fruit types, but exhibit distinctive fl oral features. These data suggest that there have been several origins of very similar fruit types within the family. Reconstructions of fruit evolution ( Davis et al., 2001 ) established that winged fruits evolved early in Malpighiaceae from a smooth-walled ancestor and that there were at least three reversals to smooth-walled fruits from within the large heterogeneous wing-fruited clade, which constitutes the majority of Malpighiaceae species. Bristly fruits are similarly homoplastic and evolved at least three (and more likely four) times in clades with wing-fruited ancestors.
A major goal of our work since 2001 has been to improve the resolution of the Malpighiaceae phylogeny by sequencing • Premise of the study : The Malpighiaceae include ~1300 tropical fl owering plant species in which generic defi nitions and intergeneric relationships have long been problematic. The goals of our study were to resolve relationships among the 11 generic segregates from the New World genus Mascagnia , test the monophyly of the largest remaining Malpighiaceae genera, and clarify the placement of Old World Malpighiaceae. • Methods : We combined DNA sequence data for four genes (plastid ndhF , matK , and rbcL and nuclear PHYC ) from 338 ingroup accessions that represented all 77 currently recognized genera with morphological data from 144 ingroup species to produce a complete generic phylogeny of the family. • Key results and conclusions : The genera are distributed among 14 mostly well-supported clades. The interrelationships of these major subclades have strong support, except for the clade comprising the wing-fruited genera (i.e., the malpighioid+ Amorimia , Ectopopterys , hiraeoid, stigmaphylloid, and tetrapteroid clades). These results resolve numerous systematic problems, while others have emerged and constitute opportunities for future study. Malpighiaceae migrated from the New to Old World nine times, with two of those migrants being very recent arrivals from the New World. The seven other Old World clades dispersed much earlier, likely during the Tertiary. Comparison of fl oral morphology in Old World Malpighiaceae with their closest New World relatives suggests that morphological stasis in the New World likely results from selection by neotropical oil-bee pollinators and that the morphological diversity found in Old World fl owers has evolved following their release from selection by those bees.
Morphological scoring -Morphological data were recorded for 144 ingroup species that represented all genera of Malpighiaceae, plus six outgroup taxa. Seventy-fi ve discrete (binary or multistate) morphological characters were scored, representing vegetative and reproductive structures (see Appendix 2). We have indicated representative voucher specimens for each of the species that were scored in Appendix 1, but in many cases additional specimens were needed to adequately score all of the relevant data.
Phylogenetic analyses -Nucleotide sequences were aligned by eye with the program MacClade 4.0 ( Maddison and Maddison, 2000 ) ; the ends of sequences were trimmed from each data set to maintain complementary representatives of the genera that were missing from our previous studies plus a much broader sampling of the larger and more problematic genera. Our aims for this study were to (1) resolve relationships among the 11 segregates from the New World genus Mascagnia sensu lato (s.l.), (2) test the monophyly of the largest remaining Malpighiaceae genera, and (3) clarify the placement of Old World Malpighiaceae. To achieve this goal, we included 309 species of Malpighiaceae, representing about a fourth of the total species diversity in this large tropical clade. We sampled these species across four gene regions that have previously been shown to be phylogenetically informative in the family but have never been analyzed simultaneously (i.e., plastid [pt] matK , ndhF , rbcL , and the low-copy nuclear phytochrome gene PHYC ]. We also added a morphological data set for representatives of all the genera and integrated those data into our molecular phylogenetic analyses. This expanded sampling has enabled us to present here a greatly improved phylogeny of the family, which has made it possible to further untangle some of the problems caused by the traditional classifi cations based mainly on fruit morphology. Working back and forth between molecular and morphological approaches, we are achieving a synergy that is leading not only to new phylogenetic insights for this group, but also to the translation of those insights into a revised classifi cation for the family. The progress of those revisions is summarized in the discussion and on our website for the family ( Anderson et al., 2006 onward) .
In addition to fruit morphology, biogeography has also been important for circumscribing major groups within the family. Niedenzu (1928) placed the Old World Malpighiaceae (not including the two more recently introduced species from the New World) in subtribe Aspidopteryginae within his lateral-winged tribe Hiraeeae and in subtribe Sphedamnocarpinae within his dorsal-winged tribe Banisterieae. While each of these wingfruited tribes has previously been shown to be polyphyletic ( Cameron et al., 2001 ; Davis et al., 2001 ) , the precise New World relatives of these Old World clades have remained elusive. In previous studies, the Old World genera were shown to represent six to nine different clades, each of which was more closely related to a New World clade than to other Old World clades. Alternative topologies in which these Old World species were forced to form a single clade were strongly rejected. More recent investigations of the biogeographic history of Malpighiaceae ( Davis et al., 2002a ( Davis et al., , b , 2004 have better clarifi ed the placement of many of these Old World lineages, but the identity of the closest New World relatives of several Old World clades remains problematic due to low support and/or incomplete taxon sampling. These diffi culties are magnifi ed by our subsequent discovery of several previously unsampled, mostly New World, phylogenetic lineages identifi ed here. Resolving the number of Old World lineages and discerning their placement among the many newly recognized New World members of the family will aid in future biogeographic studies of the family.
Finally, establishing the placement of most Malpighiaceae genera will help to clarify patterns of fl oral evolution within the family. Malpighiaceae exhibit a highly stereotyped fl oral morphology characterized by an elegant suite of fl oral characters that appears to be closely tied to their oil-bee pollinators ( Vogel, 1974 ( Vogel, , 1990 Anderson, 1990 ) . These bees, however, do not exist in the Old World where most of these unique fl oral features have been lost ( Davis, 2002 ) . Malpighiaceae thus provide an excellent opportunity to examine the origin and maintenance of morphological stasis in the Tree of Life. December 2010] Davis Q1 and Anderson -Phylogeny of Malpighiaceae
DISCUSSION
This is the fi rst complete generic-level analysis of Malpighiaceae and one of the largest to date for a major tropical angiosperm clade. Furthermore, it is one of the largest phylogenetic studies to include a companion, morphological data set. The morphological data set will be invaluable for ongoing taxonomic revisions of the family and for future analyses of fl oral evolution (see below). Importantly, the results presented here meet the goals of our study to (1) resolve relationships among the 11 segregates from the New World genus Mascagnia s.l., (2) test the monophyly of the largest remaining Malpighiaceae genera, and (3) clarify the placement of Old World Malpighiaceae. We shall summarize the most novel developments here and highlight areas where new challenges have arisen.
Niedenzuella -Niedenzuella comprises former members of Mascagnia and Tetrapterys ( Anderson, 2006 ) and forms a wellsupported (91 BP) clade with Aenigmatanthera . This is supported by their many shared morphological traits, including decussate pseudoracemes, marginal leaf glands, tiny epipetiolar stipules, and yellow petals ( Anderson, 2006 ) . Niedenzuella , data between taxa. The aligned pt matK , ndhF , rbcL , and nu PHYC data sets included 1194, 867, 1414, and 1180 bp, respectively; 75 morphological characters were also included as part of the alignment. Data matrices are available in Treebase (no. 10998, http://www.treebase.org ) and from C. C. Davis. Maximum likelihood (ML) bootstrap consensus trees and Bayesian posterior probabilities from all individual analyses of the fi ve data partitions revealed no strongly supported incongruent clades (i.e., > 80 ML bootstrap percentage [BP]) and were thus analyzed simultaneously using the search strategies described below. Searches using the combined data were conducted using a data set that included 357 accessions (338 ingroup and 19 outgroup).
The optimal model of molecular evolution for the individual and combined analyses was determined by the Akaike information criterion (AIC) using the program Modeltest ver. 3.7 ( Posada and Crandall, 1998 ; Posada and Buckley, 2004 ) . In each case, the optimal model was the general time reversible model, with rate heterogeneity modeled by assuming that some sites are invariable and that the rate of evolution at other sites is modeled using a discrete approximation to a gamma distribution [GTR+I+ Γ ]). A mixed model was applied to our combined analyses to accommodate the morphological data: GTR+I+ Γ for the molecular data and the Mk1 model for the morphological data ( Lewis, 2001 ) . Maximum likelihood (ML) analyses of the individual and combined matrices were implemented in the program RAxML 7.1.0 ( Stamatakis, 2006 ) (distributed by A. Stamatakis at http:// icwww.epfl .ch/~stamatak/index-Dateien/Page443.htm) starting from random trees and using the default parameters. Analyses were rerun at least three times. ML BP values were estimated from 100 bootstrap replicates. We subsequently conducted analyses not presented here using RAxML 7.2.6 in which GTR+I+ Γ was enforced for all partitions, including morphology. Those topologies were very similar to the ones presented here, but were slightly better resolved. Bayesian analyses were similarly implemented in the parallelized version of MrBayes ver. 3.1.2 ( Huelsenbeck and Ronquist, 2001 ) following Davis et al. (2005) . Bayesian posterior probabilities (BPP) were calculated from five restarts with a burn-in period of 400 000 generations.
RESULTS
We increased the ingroup taxonomic sampling by a factor of ~4.3 over that used in preparing our earlier phylogeny of the family ( Davis et al., 2001 ) . This sampling includes representatives of all the genera currently recognized in the family and many of the species groups in the most diverse genera. For the 45 genera for which we sampled multiple species, 35 (or 78%) are monophyletic. For the sake of space, we present the ML results from the combined data here ( Fig. 1 , but see Appendix S1 online at http://www.amjbot. org/cgi/content/full/ajb.1000146/DC1 for BPP). A tree summarizing the major ingroup clades is also presented for simplicity in Fig. 2 .
Several broad generalizations can be made about our new phylogeny of Malpighiaceae. We have obtained far greater resolution of the family than in our previous studies ( Cameron et al., 2001 ; Davis et al., 2001 ) . In addition to identifying several novel relationships, our fi ndings largely confi rm these previous results, but often with greatly increased support (e.g., the placements of Barnebya W. R. Anderson & B. Gates and Lophopterys Adr. Juss.) . Bootstrap support along the spine of the tree ( Fig. 2 ) , and for all of the major subclades, is mostly very ( > 90 BP) to moderately ( ≥ 71 BP) strong. The exception is that the tetrapteroid, stigmaphylloid, and malpighioid clades, as well as Ectopopterys W. R. Anderson, are not well resolved with respect to one another. Furthermore, within each of the 14 major subclades identifi ed ( Figs. 1, 2 ) , there is generally strong support for internal clades, with the exception of the christianelloids, cordobioids, hiraeoids, and madagasikarioids. Fig. 1 . One of the maximum likelihood (ML) topologies based on the four-gene-plus-morphology data set. ML bootstrap percentages > 50 are indicated at the nodes. Generic names in parentheses refl ect the previous taxonomic placement for those species. Former members of Mascagnia are highlighted in gray. The seven ancient, Old World clades are numbered; Old World species are shown in boldface. For Bayesian posterior probabilities see Appendix S1 in the Supplemental Data accompanying the online version of this article. Three hundred fi fty-seven accessions were included for this analysis, but only 356 are shown; Peridiscus lucidus Benth. was used for rooting, but has been removed for brevity.
Heteropterys -The sampling of this large genus was greatly expanded here, with the result that the monophyly of the genus receives 98 BP. This contrasts with previous results that indicated very low support for the monophyly of Heteropterys ( Cameron et al., 2001 ; Davis et al., 2001 ) . In addition, for the fi rst time, we were able to include the wingless Clonodia , whose phylogenetic affi nities have long been problematic ( Anderson, 1981 ) . Species of Clonodia resemble some species of Mascagnia , most notably in their alate pink and white petals and racemose infl orescences. However, the same features are found in some species of Heteropterys , which also share the lenticels and subdistinct carpels of Clonodia . On this basis, Anderson (1981) thought that an origin of Clonodia from a Heteropterys -like ancestor was more likely. Our analyses indicate that Clonodia is indeed sister to two pink-fl owered members of Heteropterys series Rhodopetalis Nied., H. brachiata and H. rufula ( Fig. 1 ). Although support for the placement of Clonodia with the mostly pink-fl owered Heteropterys is not strong ( < 50 BP), it is well nested (100 BP) within Heteropterys , and as such, its continued recognition would make Heteropterys nonmonophyletic. To remedy this problem, we have treated Clonodia as a synonym of Heteropterys ( Anderson and Davis, 2007 ) . (1982) is not monophyletic -its members belong to three distinct and wellsupported ( > 80 BP) clades within the stigmaphylloids ( Fig. 1 ) , which correspond to the three subgenera recognized by Gates: subg. Banisteriopsis , subg. Hemiramma (Griseb.) B. Gates, and subg. Pleiopterys (Nied.) B. Gates. The wingless Diplopterys (represented in Fig. 1 by D. cabrerana ) is nested within Banisteriopsis subg. Pleiopterys . To remedy this situation, we transferred members of subgenus Pleiopterys to an expanded Diplopterys , which now includes both wingless and wing-fruited species . Members of Gates ' s subg.
Banisteriopsis -Banisteriopsis sensu Gates
Hemiramma are now recognized as the genus Bronwenia ( Anderson and Davis, 2007 ) , whose species are characterized by marginal leaf glands (if any), fl owers borne in short, dense pseudoracemes, calyx glands attached below the free part of the sepals, yellow, usually glabrous petals, and samaras with the nut smooth or bearing a single ridge or winglet, and the carpophore absent or short. Members of subg. Banisteriopsis s.s. comprise the largest number of species of Banisteriopsis s.l. and however, is not monophyletic -N. stannea is more closely related to Aenigmatanthera with 91 BP than it is to the remaining species of Niedenzuella . To avoid a proliferation of generic names, we intend to expand Niedenzuella and reduce Aenigmatanthera to a synonym of the former.
Triopterys -Triopterys consists of fi ve species restricted to the West Indies. It has been distinguished from other genera principally on the basis of its Y-shaped samaroid fruit, vs. the butterfl y-shaped, X-shaped, or orbicular samaras of Hiraea , Tetrapterys , and Mascagnia s.s., respectively. Our tree ( Fig. 1 ) shows that Triopterys is well placed (86 BP) in the Mascagnia s.s. clade. We intend to combine the two genera under the name Mascagnia and propose conserving that name against the older name Triopterys in the near future. Malpighiaceae -Beyond Mascagnia s.l ., all of the other large genera of Malpighiaceae, with the exception of Bunchosia and Byrsonima, are not monophyletic as traditionally circumscribed ( Fig. 1 ). These include Aspicarpa Rich. (and its related genera, in the aspicarpoid clade), Banisteriopsis , Heteropterys, Malpighia, Sphedamnocarpus Hook. f., Stigmaphyllon Adr. Juss., and Tetrapterys . Three of these genera, all of which are distantly related members of the large wing-fruited banisterioid clade, merit discussion together: Heteropterys , Banisteriopsis , and Sphedamnocarpus . These large genera bear a single prominent dorsal wing on each of their mericarps but otherwise resemble small genera whose mericarps bear a minimal dorsal crest or none at all, such that the mericarp resembles a nutlet instead of a samara. Our results demonstrate that these putative sister genera are not reciprocally monophyletic. Instead, each genus with wingless species is nested within a genus with winged fruits, rendering the latter nonmonophyletic: Clonodia is nested within Heteropterys with 100 BP, Diplopterys Adr. Juss. is nested within one of the major subclades of Banisteriopsis sensu Gates (1982) with 100 BP, and Philgamia is nested within Sphedamnocarpus with 99 BP. In each of these cases, it appears that the principal wing has been secondarily lost or greatly reduced. We will consider each of these instances below and follow with discussion of the remaining large or problematic genera of Malpighiaceae. Malpighia -Our results demonstrate that the peculiar species Mascagnia leticiana W. R. Anderson is nested (76 BP) within Malpighia ( Fig. 1 ) . Mascagnia leticiana shares a combination of characters that link it either to Malpighia or to Mascagnia s.s., including similar stipules, leaf glands, petal color, androecium, and gynoecium ( Anderson and Davis, 2005b ) . On the other hand, the needle-like hairs of M. leticiana and its tree habit make it a bad fi t with Mascagnia s.s. and a better fi t with Malpighia . The diffi culty of placing Mascagnia leticiana in Malpighia , however, is that its fruits are strikingly different from those of Malpighia . Whereas the fruit is indehiscent and fl eshy in Malpighia (i.e., drupelike) and dry, dehiscent, and samaroid in Mascagnia, the fruit of Mascagnia leticiana is intermediate, i.e., it is small and rather fl eshy, but conspicuously winged. Given the phylogenetic placement of M. leticiana , it would appear that this represents a striking reversal to a presumably dehiscent Mascagnia -like fruit within a lineage of indehiscent fl eshy-fruited species. Anderson and Davis (2005b) transferred M. leticiana to Malpighia , on the basis of these results.
II. Testing the monophyly of the largest remaining genera of
Tetrapterys -Even after the segregation of Niedenzuella (discussed above) from Tetrapterys , the genus may not be monophyletic: its two constituent well-supported (100 BP) subclades may not be each other ' s closest relatives ( Fig. 1 ). This is not entirely surprising given the morphological diversity of the species that have traditionally been assigned to this genus. Resolution of this problem will have high priority among the things we do next and should be done carefully with additional data from morphology and molecular sequences.
Lophanthera -Lophanthera Adr. Juss. and Spachea Adr. Juss. are sister genera and present an interesting problem. Lophanthera comprises fi ve species, four in Amazonian South America and one in the lowlands of Costa Rica . Spachea comprises six species: fi ve in northern South America, Panama, and the lowlands of Costa Rica and Nicaragua and one in Cuba . The two genera are both distinguished by putative morphological synapomorphies, so it was a surprise to fi nd the Central American species of Lophanthera , L. hammelii W. R. Anderson, more closely related to Spachea than to other species of Lophanthera ( Fig. 1 ) . It is intriguing that L. hammelii and S. correae Cuatrec. & Croat are sympatric in Costa Rica ( W. , but we do not want to read too much into those distributions or into the fact that L. hammelii is disjunct from its Amazonian congeners. Other similar disjunctions involving monophyletic taxa are known within the family (e.g., Dicella Griseb. in Costa Rica, W. . Moreover, it is very rare for us to encounter cases where there is such a disagreement between evidence from morphology and molecular sequences, so we do not intend to propose any taxonomic adjustments until this group receives more thorough study. retain the generic name Banisteriopsis . Banisteriopsis s.s. includes Banisteriopsis caapi , which is an important religious totem of many Amazonian Indian groups ( Frenopoulo, 2005 ) . Banisteriopsis s.s. is a well-supported (100 BP) sister to the Old World clade Sphedamnocarpus Hook. f. plus Philgamia .
Sphedamnocarpus -Sphedamnocarpus is disjunctly distributed between Africa and Madagascar; the wingless Philgamia is wholly Malagasy. The African species [ Sphedamnocarpus angolensis (Adr. Juss.) Oliv., S. galphimiifolius (Adr. Juss.) Szyszyl., and S. pruriens (Adr. Juss.) Szyszyl. in Fig. 1 ] form a well-supported subclade (100 BP), the Malagasy species of Sphedamnocarpus and Philgamia form a sister subclade with similar support (99 BP), and the two subclades together form a clade with similarly high support (100 BP). These results are reinforced by fl oral morphology: Malagasy Sphedamnocarpus and Philgamia have white, radial fl owers, while those of the African Sphedamnocarpus are yellow or cream-colored and zygomorphic. Biogeography is obviously an important indicator of relationships in this clade. Under the circumstances, the later name Philgamia will have to be reduced to synonymy under Sphedamnocarpus unless all the Malagasy species of Sphedamnocarpus , including Philgamia , are determined to merit recognition at the level of genus. In that case, the Malagasy genus will bear the name Philgamia .
Stigmaphyllon -Members of the Old World Australasian clade Ryssopterys are well nested (86 BP) within the large, wellsupported (100 BP) New World clade Stigmaphyllon ( Fig. 1 ) . Ryssopterys species resemble Stigmaphyllon in most aspects of their morphology: the two groups have nearly identical leaves, usually consisting of a long petiole bearing a pair of conspicuous glands at the apex and a large, often cordate lamina. In both, the fl owers are borne in umbels or pseudoracemes disposed in a dichasial infl orescence, and the samaras are identical ( Anderson, 1997 ) . The principal difference between them is that in Ryssopterys the sepals lack abaxial glands, the corolla is radial, and the styles have terminal stigmas, whereas in Stigmaphyllon the lateral sepals bear large paired abaxial glands, the corolla is strongly bilateral, and the styles are stigmatic on the internal angle of the apex and often bear an abaxial foliole that gives the genus its name ( Anderson, 1997 ) . Ryssopterys is also notable for having in each species some plants with staminate fl owers and others with morphologically bisexual fl owers ( Yampolsky and Yampolsky, 1922 ; Christiane Anderson, personal communication, University of Michigan), while species of Stigmaphyllon bear only bisexual fl owers ( Anderson, 1997 ) . Christiane Anderson has recently revised Ryssopterys and will soon publish a treatment that will resolve both the generic status and the species taxonomy of this group ( Anderson, in press ).
The aspicarpoid clade -Members of this well-supported (100 BP) stigmaphylloid subclade include the genera Aspicarpa , Gaudichaudia H.B.K., Janusia , and Peregrina W. R. Anderson. The aspicarpoid clade is well supported by morphology and is distinguished by the loss of four or all fi ve of the stamens opposite the petals and the possession of a single style borne on the anterior carpel. Janusia s.l. is disjunctly distributed between North and South America ( Anderson, 1982 ( Anderson, , 1987 . However, the North American species of Janusia are not most closely related to the South American species of Janusia . Instead, Janusia in North America is sister to all of the remaining aspicarpoids. To correct this
III. Phylogenetic placement of Old World Malpighiaceae -
One of our most signifi cant fi ndings is the placement of the Old World clades of Malpighiaceae. We identifi ed seven Old World clades and their closest New World relatives, in nearly all instances with 85 BP or greater ( Fig. 1 ) . Except for the acridocarpoid clade, all of these Old World clades are scattered deep within the predominantly New World banisterioid clade. If we also include the New World species Heteropterys leona (Cav.) Exell and Stigmaphyllon bannisterioides (L.) C. Anderson, which are native to the New World but have representative populations in coastal West Africa, the total number of Old World clades increases to nine. These fi ndings will greatly help to produce an improved knowledge of the biogeography and fl oral evolution within the family, which we discuss below, and will be critical for future studies. Malpighiaceae -Anderson (1979 argued on morphological grounds that the Malpighiaceae originated in South America in isolation from Africa. Molecular analyses ( Cameron et al., 2001 ; Davis et al., 2001 Davis et al., , 2002b have similarly supported a likely New World origin for the family. In our previous studies ( Cameron et al., 2001 ; Davis et al., 2001 ) , there was still uncertainty about how many times the Malpighiaceae migrated from the New World to the Old World, because the placement of the Old World clades was not fully resolved.
Biogeography of
It is now clear from the results presented here that the Malpighiaceae reached the Old World a total of nine times ( Fig. 1 ) . Two of those migrants are the species Heteropterys leona and Stigmaphyllon bannisterioides , both members of large New World genera and both found on the Atlantic coasts of Central America, the Caribbean, and South America as well as on the coast of West Africa. Those species have fruits that appear to be adapted for dispersal by water (e.g., arenchymatous fruit walls and/or dissected outgrowths on the fruit wall that presumably trap air and promote buoyancy; Anderson, 1997 Anderson, , 2001 ). These two species may have reached Africa via water dispersal across the Atlantic relatively recently, but long enough ago for both to have established extensive populations in coastal Africa (for a map showing the African distribution of H. leona , see .
The seven other Old World clades have diverged significantly from their New World relatives, suggesting much earlier arrivals in the Old World, likely during the Cenozoic ( Davis et al., 2002b . Six of these clades, all consisting of only one or two genera, receive 99 -100 BP. The madagasikarioids are the seventh and by the far the largest Old World clade, comprising eight genera. That clade is moderately supported (65 BP) here, but well supported elsewhere with increased taxon sampling and more rapidly evolving gene regions ( Davis, 2002 ) . Six of these Old World clades are well placed ( ≥ 86 BP) with their closest New World relatives ( Fig. 1 ) , while the placement of the seventh, the hiptageoid clade, has less support (59 BP) but is likely to be closely related to the New World genera Carolus , Dicella , and Tricomaria . Anderson (1990) has suggested that the Malpighiaceae reached the Old World by dispersing across the southern Atlantic (without suggesting when that occurred or how great a gap existed at the time). Davis et al. (2002b have argued that long-distance dispersal across the southern Atlantic is unlikely. Instead, they suggested that Malpighiaceae dispersed into North America from South America via the Caribbean Basin, crossed the North Atlantic into Eurasia, and subsequently reached the Old World tropics when paleoland and paleoclimatic confi gurations could have facilitated this migration. These ideas are testable, and the way forward lies in combining additional information from DNA sequences, morphology, fossils, and past and present-day distributions of the many New and Old World clades identifi ed here. This study will allow us to better focus our ongoing efforts to obtain a much more thoughtful geographic sampling of species, especially from within those predominantly New World clades that also include Old World taxa. Such an approach will allow us to make better inferences on the routes followed by Malpighiaceae following their departure from South America.
IV. Floral evolution -Specialist pollination systems are often invoked as key factors underlying fl oral diversifi cation as suggested, for example, in studies of orchids ( Darwin, 1862 ; van der Pijl and Dodson, 1966 ) and Polemoniaceae ( Grant and Grant, 1965 ; Stebbins, 1974 ) . In some cases, however, specialized pollination systems may constrain fl oral morphological evolution. Neotropical species of Malpighiaceae may illustrate this pattern. Most are pollinated by specialist oil-collecting bees ( Vogel, 1974 ) , a relationship that appears to be ancient ( Taylor and Crepet, 1987 ) and show relatively little fl oral diversity in contrast to diverse fruit structure and habit type ( Anderson, 1979 ) . A major question of evolutionary biologists is how such conserved morphologies are maintained over long periods of time, even in the face of diversifi cation into different ecological roles ( Beldade et al., 2002 ; Brakefi eld and Roskam, 2006 ) . Are they the result of intrinsic genetic and developmental constraints, or are they labile and actively maintained by extrinsic factors (in this case, their oil-bee pollinators) over millions of years?
Malpighiaceae are a natural laboratory for testing these hypotheses because they comprise multiple sister-pairs of New World lineages that have maintained their oil-bee pollinators and Old World lineages that have lost them (the oil-bees that pollinate most New World Malpighiaceace are not present in the Old World; Vogel, 1990 ; Michener, 2000 ) . New World Malpighiaceace are especially species-rich, yet they exhibit a conserved fl oral morphology ( Fig. 3 ), which appears to be tightly associated with their oil-bee pollinators ( Vogel, 1974 ( Vogel, , 1990 Anderson, 1979 Anderson, , 1990 Sigrist and Sazima, 2004 ; Gaglianone, 2005 ) . In contrast, the Old World genera are relatively speciespoor, yet they display a diverse array of fl oral morphologies ( Fig. 3 ) . The majority of these Old World species lack most of the characteristic fl oral features critical to the pollination syndrome of New World Malpighiaceae, including especially the unique bilateral symmetry of the corolla (one dorsal petal functioning as a fl ag and the four lateral petals forming mirror-image pairs) and paired oil glands on the abaxial side of four or all fi ve sepals. In the few Old World species that maintain some calyx glands (viz., African Acridocarpus Guill. & Perr. and Australasian Hiptage Gaertn.), the glands have shifted from producing oil to sugar ( Lobreau-Callen, 1989 ) . In most Old World Malpighiaceace, the only obvious reward for pollinators is pollen.
These observations suggest that the stereotyped New World fl ower may be maintained by selection by their oil-bee pollinators, not by intrinsic genetic constraints, and that when lineages migrated to the Old World where those pollinators were not found their fl oral morphology soon departed from that of their ancestors. This conclusion is also supported by (1) recent developmental and genetic data indicating that these changes may be relatively labile at the genetic level ( Zhang et al., 2010 ) and (2) by those few New World Malpighiaceae species that have apparently abandoned pollination by oil-bees. An excellent example is Psychopterys , a Mexican/Central American genus of Fig. 1 . Seven panels (all but that at lower right) illustrate the New World fl ower morphology contrasted with a representative from its Old World sister clade on the right. None of those Old World clades have maintained the stereotypical corolla symmetry of their New World sisters, which is ancestral in the family ( Zhang et al., 2010 ) . The three Old World genera that have bilaterally symmetrical corollas ( Acridocarpus , Tristellateia Thouars, and Sphedamnocarpus ) possess two dorsal petals (vs. only one in the New World) and one ventral petal, so the whole appearance of the fl ower is radically different from what a pollinator sees on approaching a fl ower in the New World. In the other four Old World genera ( Flabellariopsis Wilczek, Flabellaria Cav., Ryssopterys , and Madagasikaria ), the corolla is radially symmetrical. The eighth panel (lower right) compares two New World genera in the same clade: Hiraea , with a bilaterally symmetrical corolla and calyx glands for pollination by oil-bees, and Psychopterys , with a radially symmetrical corolla and eglandular sepals. the hiraeoid clade that completely lacks calyx glands and has radially symmetrical corollas, quite different from those of other genera of that clade, which have the typical New World morphology ( Fig. 3 ; Anderson and Corso, 2007 ) . In Galphimia Cav., C. found something similar: the calyx glands are rudimentary or absent, and while it is often still possible to identify which is the fl ag petal, the overall symmetry of the corolla is much closer to radial than that of most New World Malpighiaceace. A fi nal example is the Mexican genus Lasiocarpus Liebm. and its South American sister, Ptilochaeta Turcz. In this case, both genera lack calyx glands and possess radially symmetrical corollas (W. Anderson and C. Davis, unpublished data) .
To more thoroughly address the question of developmental and genetic constraints vs. active maintenance, we need to integrate these morphological and phylogenetic insights into a strong analytical framework. Furthermore, it will be crucial to further examine the underlying genetic architecture of the fl oral morphology in Malpighiaceace (cf. Zhang et al., 2010 ) . The phylogenetic results we present here represent an essential step toward making these kinds of evolutionary analyses possible and are a major focus of inquiry in Davis ' s laboratory.
Future directions -The analyses reported here have done a great deal to resolve infrafamilial relationships in the Malpighiaceae, but as described above, there remains a need for better resolution in several parts of the tree, especially in the tetrapteroids and stigmaphylloids. We are hopeful that progress can be achieved using two approaches to resolve these problems. The fi rst will be to continue to expand character sampling across many members of the family using additional low copy nuclear genes, which have been shown to be very informative for resolving infrafamilial relationships in Malpighiaceae ( Davis, 2002 ; Davis et al., 2002b ) and relationships within the larger clade Malpighiales ( Davis and Chase, 2004 ; Wurdack and Davis, 2009 ). One candidate is exon 9 of EMB2765 , which has been useful for resolving relationships across the order Malpighiales ( Wurdack and Davis, 2009 ) . The second will be to greatly expand the number of characters using a phylogenomic approach, i.e., sampling a very large number of characters across a carefully selected subset of taxa representing all major clades within the family. These placeholder taxa can then be combined as a " scaffold " ( Wiens et al., 2005 ; Wiens, 2006 ; Xi et al., 2010 ) with data sets that include greater taxon sampling (but far fewer characters) and analyzed simultaneously as a large supermatrix. The addition of a large number of more slowly evolving gene regions has been especially helpful in resolving rapid radiations deeper in Malpighiales , as well as in Saxifragales ( Jian et al., 2008 ) .
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Appendix 1. Taxa sequenced with distribution, voucher information, and GenBank accession numbers. Herbarium acronyms follow Index herbariorum ( Holmgren et al., 1990 ) . 
